The sialic acids are acidic monosaccharides typically found at the outermost ends of the sugar chains of animal glycoconjugates. 
THE SIALIC ACII)S ARE 9-carbon monosaccharides usually found at the outermost position of the oligosaccharide chains that are attached to glycoproteins and glycolipids (1-6). All sialic acids have a carboxylate at the 1-carbon position that is typically ionized at physiological pH. Because of their terminal location and negative charge, these monosaccharides have the potential to inhibit many intermolecular and intercellular interactions. Such inhibition can be of major biological relevance, as in the case of polysialic acid chains on the neural cell adhesion molecule, which can regulate both homotypic and heterotypic interactions involving neuronal cells (7). In contrast to their role as inhibitors of interactions, sialic acids can also he critical components of ligands for various recognition phenomena involving carbohydrate binding proteins (lectins) . This review considers the natural occurrence, mode of recognition, and functions of these sialic acid binding lectins. It does not deal with other classes of sialic acid-recognizing proteins, such as the sialidase family of enzymes, or with antibodies that react with sialylated epitopes.
DIVERSITY IN THE SIALIC ACIDS
The term sialic acid is often equated with N-acetyl-neuraminic acid (Neu5Ac,2 variously labeled in the past as NANA, NeuNAc, NeuAc, etc.). In fact, this "common" sialic acid is also the metabolic precursor of a family of more than forty 9-carbon acid sugars, in which structural diversity is generated by various substitutions at the 4, 5, 7, 8, and 9-carbon positions (see Fig. 1 and refs 1-6). Nomenclature that permits easy abbreviation of the names of substituted sialic acids is now available (1-4) and has found general acceptance (the term Sia is used as a generic abbreviation for all family members).
Further diversity in the presentation of these molecules is generated by several different linkages from the 2-carbon of sialic acids to a variety of underlying sugar chains (see Fig. 2 for examples, and refs 1, 2, 4, 34). Combinations of the different substitutions and the variety of linkages afford many ways in which sialic acids can present themselves.
Further complexity arises from the fact that 0-acetyl esters can migrate along the side chain under physiological conditions (1, 2, 4). This diversity is found in a cell type-specific and developmentally regulated manner, implying important roles in intercellular recognition phenomena.
In keeping with this, the structural diversity of sialic acids can determine or alter the specific recognition of sialylated sugar chains by a variety of lectins. 
SL&LIC ACID BINDING LECTINS

DETERMINANTS OF SIALIC ACID RECOGNITION BY LECTINS
It is reasonable to predict that the structural diversity in substitutions and linkages of sialic acids ( Fig. 1 and Fig.  2 ) would affect recognition by these lectins. In fact, this matter has not been thoroughly investigated for most of the lectins. Table 2 summarizes examples in which such information has been partly or completely worked out. It can be seen that the group at the 5-position (commonly Nacetyl or N-glycolyl) varies in its importance for binding (in the case of CD22, the human molecule recognizes both forms, whereas the murine homolog strongly prefers the Nglycolyl form) (33, 64) . In this regard, the discoveries of natural sialic acids with either free amino groups (65) or hydroxyl groups (6) at the 5-position can also be expected to affect recognition by some lectins; this possibility has yet to be investigated.
The role of the exocyclic polyhydroxylated side chain (C-7, 8, and 9 carbons) in recognition is also highly variable, ranging from being completely dispensable (e.g., for the selectins) to being an absolute requirement for binding (e.g., the influenza A hemagglutinin, the I-type lectins, and the H protein of the alternate complement pathway). In the latter instances, it is not surprising to find that natural substitutions of this side chain (the most common being 9-0-acetylation) can completely abrogate binding (66) (67) (68) (69) .
On the other hand, natural substitutions can also be crucial for recognition, as in the case of influenza C and some coronaviruses, which will only bind to 9-0-acetylated sialic acids (14, 20, 66) , and some lectins that strongly prefer this substitution (37, 39, 42). One convenient way to explore the importance of the side chain has been the use of very mild periodate oxidation (see ref 67 for an example). This chemical treatment has proved to be remarkably selective for cleaving this side chain, even when applied to complex cell surfaces. It is of practical interest that 9-0-acetylation can block the action of periodate under these mild conditions and that this periodate oxidation reaction generates a reactive aldehyde on the side chain (at C-8 or C-7, depending on the extent of cleavage).
Although this aldehyde is usually reduced to an alcohol before further studies (to avoid unwanted side reactions), it can sometimes be deliberately used to cross-link lysine residues adjacent to the binding site (e.g., in selectins) (70, 71) . Also, some types of substitutions (e.g., 0-acetylation) can render the sialic acid molecule partially or completely resistant to the action of sialidases (1-4). Finally, a recombinant soluble form of the 9-0-acetyl-specific esterase from influenza C is now available (67, 72) . Thus, various combinations of treat- 
Terminal oligosaccharide
sequences recognized by some sialic acid binding lectins, and the biosynthetic pathways generating them. GlcNAc or GaINAc residues on the oligosaccharides of glycoproteins andlor glycolipids can be extended by several biosynthetic pathways, some common examples of which are indicated by the arrows. The sialylated sequences shown as being recognized by some sialic acid binding lectins are based on published literature and/or reasonable predictions based on known specificities. The sequences shown are generally the minimal structural motifs necessary for binding; natural high-affinity ligands may be more complex. Also, recognition can be affected by modifications of Sia other than 9-0-acetylation (see Table 2 for examples, many modifications have not yet been tested). In the case of influenza A HA, relative preference for a2-3 and a-6 linkages can vary widely with different strains. Some of the key enzymes involved in the final biosynthetic steps are shown: ST3GaI I core 1. a2-3sialyltransferase; ST3Ga1 H = Gal. a2-3Sialyltransferase; ST3Ga1 III = LacNAc, a2-3sialyltransferase; ST3GaI IV = Gal, a2-3sialyltransferase; ST6GaINAc I = core 1. a2-6sialyltransferase;
ST6GaI I = LacNAc, a2-6sialyltransferase; and OAcT = sialate, 0-acetyltransferase. ments with sialidases, 9-0-acetylesterases, and mild periodate oxidation can be used to explore the importance of the side chain in recognition.
In most instances studied, the negatively charged carboxylate group at the C-i position has proved to be critical for recognition.
An interesting exception is that of wheatgerm agglutinin, where the specific binding of Neu5Ac is based on the similarity of the configuration of this sugar to that of N-acetylglucosamine at the 5-N-acetamido group and the C-3 hydroxyl group, and not on the carboxylate (61, 73). Also, the carboxylate group can sometimes be involved in the formation of intramolecular esters (lactones) under physiological conditions, which would eliminate the negative charge (1, 2). The significance of this modification for lectin recognition has not been well studied. The role of divalent cations in lectin binding varies from being absolutely required (e.g., in the selectins) to being nonessential (e.g., the I-type lectins). The role of the underlying oligosaccharide can vary from being nonessential (e.g., influenza C hemagglutinin-esterase) to being absolutely required (e.g., the Mycoplasma pneumoniae hemagglutinin recognizes an extended polylactosami ne chain that is terminally sialylated) (74) . As with most lectins in nature, the affinity of a single binding site for the cognate-sialylated oligosaccharide may not be very good (e.g., the Kd of CD22 for binding the basic cognate sequence Siaa2-6Ga11-4Glc is only -=30 p.m) (75) . Thus, in most instances it is probably the multiva- (1-Jadrurus arrzonensis).
Other insect lectins:
Allo Analysis of these functions is complicated by the fact that the cognate oligosaccharide sequences for some of these lectins are found in small numbers on a wide variety of glyconjugates. It appears that these lectins may function by specifically recognizing a few high-affinity ligands in the midst of a mileu of low-affinity inhibitors.
Further confusion arises because some of these lectins can become functionally inactivated by binding in cLs to sialylated ligands present on the same cell surface as the lectin itself (84). For these and other reasons, elucidating the functional roles of the I-type sialic acid binding lectins remains a challenge.
Another interesting case involves the binding of the complement regulatory factor H, a soluble factor in serum that binds to surfaces via the intact exocyclic (C7-C5-C9) side-chain of sialic acids (85-89) and restricts alternative pathway activation.
The biosynthetic addition of a 9-0-acetyl group to the side chain of cell-surface sialic acids (or the oxidation of the unsubstituted side chain with mild periodate) blocks the binding of factor H and abrogates its function as a negative regulator of the alternative pathway (69) . This phenomenon has so far been demonstrated only with synthetic targets (87, 88) or in heterologous systems (e.g., with mouse erythrocytes and human complement) (69) . Its potential importance in various pathological conditions involving complement activation needs to be explored.
Since the original discovery and characterization of sialic acids as ligands for the influenza viruses (9), many microbial-host interactions have been shown to depend on recognition of sialylated ligands (see Table i by substitutions such as 9-0-acetylation, which can he found on mucosal surfaces.
Indeed, it is possible that some of the extreme complexities of sialic acid diversification are the outcome of the ongoing evolutionary battle between animals and microbial pathogens.
On the other hand, the modified sialic acids in some internal organs and tissues may be required for recognition by endogenous lectins that are yet to be discovered.
The widespread expression of large quantities of soluble multivalent sialic acid binding lectins in the body fluids of many lower organisms raises the possibility that they are meant to mediate host defense against microbes expressing sialic acids on their surfaces. In keeping with this, limulin, a pentraxin family member (29) 
THE NATURAL LIGANDS OF SOME SIALIC
ACID BINDING LECTINS MAY NOT BE
SIALIC ACIDS
One of the puzzles about sialic acid binding lectins is that they are so often found in organisms that do not themselves express sialic acids at easily detectable levels: e.g., plants and insects.
Two possible explanations can be considered.
First, their primary function may be in defense against exogenous sialylated pathogens that interactwith these hosts. A second possibilityis that their sialic acid binding properties are serendipitous, and that their real ligands are other anionic carbohydrates yet to be identified.
It is interesting that the sialic acid binding lectin Carcinoscorpin from the Indian horseshoe crab can recognize both 2-keto-KDO (a component of the lipolysaccharide of gram-negative bacteria) and glycerol phosphate (a component of membrane techoic acids of Gram-positive bacteria) (35). Likewise, the lectin of the prawn Macnobnachium rosenbergii can recognize a variety of anionic bacterial sugars (95). Another suspicious finding is that upon cloning, some of these plant lectins turn out to have unexpected homologies with proteins known to bind other anionic carbohydrates;
for example, the NeuAc(a-2,6)Gal/ GalNAc-binding lectin from elderberry (Sambucus nigna) bark is most closely related to a type-2 ribosomeinactivating protein (96, 97). On the other hand, it is hard to completely reconcile this suggestion with the remarkable specificity of some plant and invertebrate lectins for specific aspects of the structure of sialic acids and/or the underlying sugar chain (see Table 2 ). 
SIALIC ACID BINDING LECTINS AS TOOLS TO EXPLORE THE EXPRESSION AND
BIOLOGY OF SIALIC ACIDS
